During DNA replication and repair, many proteins bind to and dissociate in a highly specific and ordered manner from proliferating cell nuclear antigen (PCNA). We describe a combined approach of in silico searches at the genome level and combinatorial peptide synthesis to investigate the binding properties of hundreds of short PCNA-interacting peptides (PIP-peptides) to archaeal and eukaryal PCNAs. Biological relevance of our combined approach was demonstrated by identification an inactive complex of Pyrococcus abyssi ribonuclease HII with PCNA. Furthermore we show that PIP-peptides interact with PCNA largely in a sequence independent manner. Our experimental approach also identified many so far unidentified PCNA interacting peptides in a number of human proteins. . In order to be functionally active, different PCNAinteracting proteins must bind and dissociate in a highly specific and ordered manner. In view of this fact it is surprising that the identified peptide domain motifs of PCNA-interacting proteins (PIP-motifs) are quite similar and have overlapping binding sites with PCNA. For instance, the sequence motif Q-x(2)-(h)-x(2)-(a)-(a) (h, moderately hydrophobic residue; a, a highly hydrophobic residue) is known to mediate interactions of archaeal and human PCNA with many partners 5; 6 . As these motifs are short, poorly conserved and can be found in literally thousands of proteins, the possibilities to identify (new) PCNA interacting proteins based solely upon in silico sequence comparisons are limited, making functional screens necessary.
Proliferating cell nuclear antigen (replication clamp PCNA) was originally identified as an antigen present in the nuclei of dividing cells that reacted with an autoantibody in the sera of patients with lupus erythematosus 1 . Later studies demonstrated that PCNA is a trimeric processivity factor of eukaryotic replicative DNA polymerases 2 . The outer surface of the ringshaped PCNA trimer is negatively charged whereas the central cavity accommodating DNA carries positive charges 3 . One PCNA monomer is composed of two domains that are linked by a domain-connecting loop. This loop is evolutionary conserved and plays a crucial role in mediating specific interactions of the replication clamp with its interaction partners in Okazaki fragment processing, DNA repair, translesion DNA synthesis, DNA methylation, chromatin remodeling and cell cycle regulation 4 . In order to be functionally active, different PCNAinteracting proteins must bind and dissociate in a highly specific and ordered manner. In view of this fact it is surprising that the identified peptide domain motifs of PCNA-interacting proteins (PIP-motifs) are quite similar and have overlapping binding sites with PCNA. For instance, the sequence motif Q-x(2)-(h)-x(2)-(a)-(a) (h, moderately hydrophobic residue; a, a highly hydrophobic residue) is known to mediate interactions of archaeal and human PCNA with many partners 5; 6 . As these motifs are short, poorly conserved and can be found in literally thousands of proteins, the possibilities to identify (new) PCNA interacting proteins based solely upon in silico sequence comparisons are limited, making functional screens necessary.
In this work we describe a combinatorial approach of in silico searches and combinatorial peptide synthesis to identify new PCNA interaction partners. In contrast to earlier screens that have used completely random peptide libraries, we have tested focused peptide libraries that were designed benefiting either from P. abyssi or human genome. As model for the proof of principle we used the presumed enzymatic machinery for the processing of Okazaki fragments in the hyperthermophilic archaeon Pyrococcus abyssi (P. abyssi). Our approach led to identification of new interaction partners for archaeal PCNA and allows predicting hitherto unidentified interaction partners for human PCNA. Biological significance of our results was revealed through identification of an inactive complex of P. abyssi ribonuclease (RNase) HII with PCNA, indicating also a DNA repair function for RNase HII orthologs. We also show that the PIP-motif sustains a considerable amount of substitutions without having deleterious effect on the PCNA binding.
Results and Discussion
Screening of immobilized peptides with the robust archaeal P. abyssi PCNA In order to experimentally identify PCNA-interacting peptides, we firstly screened a small library of 910 random X-C-X(8)-C-X peptides, immobilized onto a solid support via cysteine residues, with 2 M of stable PCNA preparation from P. abyssi. P. abyssi PCNA carries a six histidine tag at the amino terminal end, allowing detection of the bound protein by a specific anti-His antibody. The background signal resulting from non-specific binding of P.
abyssi PCNA corresponded to binding values smaller than 100 arbitrary units; no signal was observed when PCNA was omitted from the binding reaction. These analyses allowed the identification of 47 immobilized lead peptides with binding values higher than five hundred for P. abyssi PCNA ( Figure 1A and Table S1 ). Manual alignment showed that some of these peptides ( Figure 1B ) possess the PIP-motif 6; 7 . However, many additional peptides with high binding values did not show obvious sequence similarity to the PCNA-interacting protein motif (see Table S1 ), suggesting that physico-chemical or structural properties of these peptides played an important role in binding. This idea was supported by the fact that the average predicted isoelectric point (pI) of 50 high affinity peptides was statistically significantly higher than the pI of non-interacting peptides (8.46 versus 6.31, see Figure 1A ). This observation indicates that the positive charge of these peptides could contribute to the observed binding. It is of note that previously performed peptide screens to identify new PCNA-binding peptides failed to identify statistically significant correlation between the PCNA binding and positive charge 8; 9 . This likely reflects the fact that not enough PCNA binding peptides were identified in earlier peptide screens and/or that binding values were not recorded for peptides with low affinities towards PCNA.
We next synthesized several control peptides found in P. abyssi proteins ( Figure 1C) that were immobilized on a solid support and screened as above with 1 M P. abyssi PCNA.
Naturally occurring peptides with the highest binding values contained the conserved P. abyssi Figure 1C ). We furthermore noted that this sequence motif is often flanked by positively charged residues ( Figure 1C ). Many "high affinity" peptides are present in proteins that are known to interact with the PCNA. However, we also found that peptides from P. abyssi ribonuclease H (RNase HII) and PAB2263, two proteins that previously have not been shown to interact with PCNA, contain a PIP-motif with a strong PCNA binding activity ( Figure 1C ).
The interaction domains of P. abyssi RNase HII, flap endonuclease 1 and DNA ligase with
PCNA overlap
As a proof of principle, we next set out to further investigate how the above peptides when contained in archaeal proteins (their natural context) mediate interactions with PCNA.
We studied the PCNA binding of the P. abyssi RNase HII, the structure-specific flap endonuclease 1 (Fen1) and the ATP-dependent DNA ligase using surface plasmon resonance (SPR). PCNA-interacting peptides located at the carboxyl termini of RNase HII and Fen1 have high binding values ( Figure 1C ), whereas the motif that was identified at the N-terminus of DNA ligase shows moderate affinity for PCNA. In this respect it is noteworthy that very recently an additional PIP-motif "QKSFF" in the central region of P. furiosus DNA ligase has been described 10 , suggesting that the two motifs could participate in efficient binding. First, recombinant proteins for SPR measurements, carrying a six histidine tag at the N-terminus, were produced and purified to greater than 99% homogeneity using Ni-NTA agarose and gel filtration chromatography ( To exclude that the observed SPR data result from the oligomerisation of the proteins studied and/or from non-specific interactions under the experimental conditions used, we performed deletion analyses and competition experiments. RNase HII, with a 17 residue deletion at the C-terminus that removed the PIP motif, failed to interact with PCNA ( Figure   2B , insert). The competition experiments were performed in the presence of a ten-fold excess of the peptide KRKQLTLDNFLKR (bold residues correspond to conserved PIP motif residues). This peptide is a rationally designed composite peptide based on the RNase HII PIP- Figure 2F ). To test whether this inhibition results from a physical inhibitory interaction with PCNA, RNase HII activity was measured by changing the molar PCNA/RNase HII ratio in the reaction mixtures. These studies were performed with both wild-type (WT) RNase HII and its C-terminal deletion (Cter) derivative incapable of interacting with PCNA ( Figure 2B ). The results obtained revealed that inhibition of the ribonuclease activity of RNase HII by PCNA was dependent on the PIP-motif located at the Cterminus of the enzyme ( Figure 2F ). This inhibition could be explained by the fact that the substrate-binding domain of Thermococcus kodakaraensis RNase HII is located in a carboxyterminus 11 .
In control experiments we found that the PCNA preparation used was capable to activate P. abyssi Fen1 and DNA ligase (data not shown), indicating that PCNA was fully functional and properly folded.
Archaeal RNase H and Fen1 have a key role in DNA repair
To further define the physiologically relevant activities of archaeal RNase HII and Fen1, we inactivated the structural genes for RNase HII and Fen1 ( Figure 3 these, were constructed and confirmed as indicated in Materials and Methods section. On solid medium, the "wild type" and rnhB rnhA strains grew similarly whereas the growth of fen1 deletion strain was impaired. This visual observation was confirmed by measuring the doubling time for the parental and rnhB rnhA of 131±6 (n=5) and 108 (average of two measurements) minutes whereas fen1 strain had the doubling time of 189 minutes (average of two measurements). We also measured the incorporation rate of extracellular tritiated uracil into alkaline resistant form (DNA) using these different mutant strains (Table 2 ). These measurements suggested that archaeal Fen1 has a role in DNA replication, as earlier observed for Eukarya 13 . On the other hand, the in vivo role of RNase HII in DNA replication was not evident ( Table 2 ). Considering that GC% of H. volcanii genome is relatively high, we can not exclude a possibility that H. volcanii RnhA origin participates in the processing of R-loops that could be found at some replication origins in this species 14 ; 15 .
We also tested our deletion strains for possible differences regarding their sensitivity to UV radiation (Table 2, Figure 4 ). Our results revealed that the fen1 deletion resulted in markedly enhanced UV sensitivity, indicating that archaeal Fen1 either participates in removal of photoproducts resulting from UV irradiation and/or indicate a role in DNA replication occurring downstream of unrepaired damage on lagging strand templates 13; 16 . Our results also indicated that both single RNase H mutant strains are moderately UV sensitive (Table 2) , with an additive effect observed for the rnhA rnhB strain (Table 2 and Figure 3D ). Thus, substrate specificity of archaeal RNase HII orthologs, inhibition of RNase HII activity by PCNA ( Figure 2 ) and genetic studies ( Figure 3 ) propose that major physiological role of archaeal RNase HII is not to participate in DNA replication but rather, possibly together with Fen1 endonuclease 12 , in repair of ribonucleotides misincorporated into chromosomal DNA. As translesion bypass polymerases capable of ribonucleotide misincorporation are often found in archaeal species exposed to UV radiation, for instance in H. volcanii, the Sulfolobales, and Picrophilus species 17 , translesion synthesis through the UV damaged DNA, could be one mechanism that increases ribonucleotide misincorporation in chromosomal DNA.
Predicted interaction partners of human PCNA
The above experiments performed with archaeal proteins indicated that a combination of motif searches and screening with immobilized peptides can be used to identify new PCNA interacting partners. To expand this notion to different systems, we next synthesized 98
motif occurring in human proteins. These peptides were subsequently screened with human PCNA carrying a C-terminal hexahistidine tag 7 . Figure 4A shows that, despite all 98 peptides screened contained the aforementioned sequence motif, the observed binding values varied between 80 and 1400 (left y axis). These experimental data are consistent with the earlier prediction that variable PIP-box sequences could result in a wide range of PCNA affinities 18 . The sliding average (in a window of 10 peptides) of the calculated pIs (Fig. 4A , right y axis), clearly indicates that high affinity peptides tend to be positively charged. Figure S1A shows an alignment of the peptides with observed binding values higher than 400. This list not only contains proteins known to interact with PCNA (bolded in Figure S1A ), but also reveals several potential novel interaction partners for human PCNA. Obviously, more experiments are now required to address whether these proteins interact functionally and/or physically with human PCNA.
Since the interaction surface between the PCNA and its interaction partners is at least partially formed by the beta zipper peptide backbone 19; 20 , formation of the complex interface could be largely independent of the protein sequence. To test this, we synthesized 60 different peptides where the bolded positions in the peptide KRKQLTLDNFLKR were systematically changed to all naturally occurring amino acids ( Figure 4B ) and performed a further functional screening. Our results revealed that not even the "fully conserved" glutamine residue is indispensable for binding in our experiments. On the other hand, the hydrophobic substitutions at the positions 7 and 10 were favored. These results indicate that the short PIP-motif sustains a high number of substitutions without having a drastic effect on the binding activity. These observations are in agreement with the notion that the beta zipper formation together with electrostatic and hydrophobic interactions, and not specific protein sequence, is important for binding. Similar results further indicating specific binding independent of peptide sequence were obtained after screening with 80 additional peptides based upon KRKQLTLDNFLKR, where the underlined residues were changed in the same way as above ( Figure S1B ). With these peptides we also performed a screening with the QLGI125 mutant in the domainconnecting loop of human PCNA. This loop participates in specific interactions of PCNA with its interaction partners, and the mutant PCNA has a markedly lower affinity towards Fen1 than the wild type protein 7 . The signal observed with the QLGI125 mutant was consistently lower than observed for the wild type protein ( Figure S1B ), further indicating that the binding signal observed in our experiments is highly specific. The fact that binding by this mutant was not completely abolished in our experiments is in agreement with the proposed multi-factorial nature of this interaction.
Conclusions
We have developed an experimental approach that allows the rapid identification of peptide sequences with high affinity towards PCNA. Differently from the earlier peptide screens to identify PCNA binding peptides, we have benefited from the combined P. abyssi and human genome sequence information to synthesize a number of immobilized peptides carrying putative PIP-motifs. Usefulness and efficiency of this approach to identify novel PCNA interaction partners were revealed by our finding that P. abyssi PCNA and RNase HII form an inactive complex. While proof of principle was obtained using robust archaeal proteins, our data indicate that this experimental screening method can be extrapolated to human systems. In particular, we have identified new peptide sequences in human proteins with high affinity towards PCNA ( Figure S1 ). Moreover, we can predict that some , proteomics approaches like the one described here are clearly needed to validate the observed predictions. (Stratagene) containing extra copies for arginine, isoleucine and leucine tRNAs.
Materials and Methods

Bacterial Strains
Expression and purification of recombinant proteins
Genes encoding P. abyssi PCNA (PAB1465), RNase HII (PAB0352), Fen1 (PAB1877) and DNA ligase (PAB2002) were amplified using 30 cycles of PCR with CsCl gradient purified chromosomal DNA as template (primer sequences will be made available upon request). pQE-80L (Qiagen) expression vector containing Isopropyl--D-thiogalactopyranoside (IPTG)-inducible bacteriophage T5 promoter was used to express all proteins. P. abyssi PCNA was cloned using BamHI and SalI restriction sites (all primer sequences are indicated in Table   2 ); all other proteins were cloned into BamHI and PstI sites of the pQE-80L expression vector.
The resulting expression constructs encode full length proteins with a six-histidine tag at their amino-termini. A construct encoding truncated version of RNase HII lacking the 17 carboxyterminal residues and carrying PCNA interaction motif was produced in a similar manner.
Expression constructs were transformed into E. coli BL21-CodonPlus-RIL strain (Stratagene) using solid LB medium containing 100 µg/mL ampicillin. Protein expression was induced in exponential phase cultures by adding 0.5 mM IPTG. After 2 h of induction, the cells were collected by centrifugation. Cell lysis was performed in buffer A (30 mM Hepes pH 8, 300 mM NaCl) with several freeze-thaw cycles, followed by brief sonication to decrease viscosity of supernatants. Cellular debris was eliminated by centrifugation. All chromatographic procedures were performed with an ÄKTA FPLC system at 10 °C (Amersham Biosciences). Tagged proteins were purified on immobilized Ni-NTA beads, according to the manufacturer's instructions (Qiagen), followed by purification on an S-200 gel filtration column (Amersham).
All protein samples were analyzed for purity and integrity using 13% SDS-polyacrylamide gel electrophoresis and by MALDI-TOF analyses (Innova Proteomics, France). Recombinant human wildtype PCNA as well as its QLGI125 mutant were purified to over 99% homogeneity as previously described 7; 23 .
Synthesis of peptides and Pepscan screening
The overlapping synthetic peptides were synthesized and screened using credit-card format mini-PEPSCAN cards (455-well-plate with 3 µl wells) as described previously 24 . The binding of antibodies to each peptide was tested in a PEPSCAN-based enzyme-linked immuno assay (ELISA). The 455-well creditcard-format polypropylene cards, containing the covalently linked peptides, were incubated with sample, for example 1 µg/ml PCNA diluted in a PBS solution which contains 5% horse-serum (v/v) and 5% ovalbumin (w/v) and 1% Tween 80 (4°C, overnight). After washing, the peptides were incubated with an anti-HIS tag antibody (dilution 1-1000, Novagen) (1 h, 25°C) and subsequently with a rabbit anti-mouse antibody peroxidase (dilution 1/1000, Dako) (1 h, 25°C). After washing the peroxidase substrate, 2,2'-azino-di-3-ethylbenzthiazoline sulfonate (ABTS) and 2 l/ml 3% H 2 O 2 were added. After 1 h color development of the ELISA was quantified with a CCD-camera and an image processing system.
Interaction studies
Surface plasmon resonance studies were performed in a BIAcore X apparatus (BIAcore, Uppsala Sweden), the interactions were monitored at 25 °C at a flow rate of 30 l/min in HBS-P buffer (10 mM Hepes, pH 7.4; 150 mM NaCl and 0.005% (v/v) P20). PCNA was aminecoupled on the surface of CM5 sensor chips (BIAcore) in 10 mM sodium acetate buffer, pH
The level of immobilisation of PCNA was of about 150 resonance units (RU).
P. abyssi GE5 (strain Orsay) cell free extracts were prepared from anaerobically grown 2 liter cultures using a gas-lift bioreactor, which was prepared as previously described 25 
RNase HII assays
Activity assays using RNase HII were performed essentially as described 26 . A substrate consisting of oligonucleotides O8 and O9 (Table 1) ddATP (Amersham). Free label was removed from oligonucleotide solutions using Sephacryl G25 MicroSpin columns (Amersham). Reaction products and substrates were separated under denaturing conditions. Polyacrylamide gels were dried on Whatman filter paper and reactions were quantified using Storm system.
Gene deletion in Haloferax volcanii
Gene deletion in H. volcanii strain H53 (p HV2 -pyrE2 trpA) and segregation of mutant alleles were carried out using the optimized pop-in/pop-out system 27; 28 . A non-selective enriched medium Hv-YPC or a selective Hv-Ca medium were used for cell growth. Where appropriate, selective medium was supplemented with uracil and tryptophane (50µg/ml each) or, alternatively, using a combination of 5-fluoroorotic acid (50µg/ml) and uracil (10µg/ml) with or without tryptophane (50µg/ml). Plasmids used for H. volcanii gene inactivation carried approximately 500 bp 5' upstream and 3' downstream the ORF sequences (oligonucleotides used are indicated in Table 1 ). PCR analyses were used to confirm that the constructed strains corresponded to the expected deletion strains ( Figure 3A-C) . Flanking regions were amplified using PCR and cloned into pTA131 containing a pyrE2 selection marker using EcoRI and XbaI restriction sites, yielding plasmids pCN7 (carrying the rnhB allele) and pCN6 (fen1 .
Computational methods
Scan prosite (http://www.expasy.org/tools/scanprosite/) with variations of PIP-motifs was used to scan P. abyssi or Homo sapiens protein sequence(s) from Swiss-Prot and TrEMBL databases. For human proteins, description filter "DNA" was used to limit the number of the hits. The sequence manipulation suite hosted at http://www.bioinformatics.vg/sms/protein_iep.html was used to predict isoelectric points for the different peptides. Statistical tests were performed using OriginPro 7.5 software package (OriginLab Corporation). Survival curves for H53, CN8 and CN11 strains are shown in Figure 3 . 3 Haloferax volcanii strain H53 is referred to as "wild type" through out this work. > 400 arbitrary units
